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Abstract Genetic rearrangements involving FLT3 are rare and only recently have been de-
tected in myeloid/lymphoid neoplasms associated with eosinophilia (MLN-eos) and chronic
myeloproliferative disorders. Here we report two cases with FLT3 fusions in patients
demonstrating mixed features of myelodysplastic/myeloproliferative neoplasms. In the first
case, FLT3 was fused with a new fusion partner MYO18A in a patient with marrow features
most consistent with atypical chronic myeloid leukemia; the second case involving
ETV6-FLT3 fusion was observed in a case with bone marrow features most consistent
with chronic myelomonocytic leukemia. Notably, we observed that samples from both pa-
tients demonstrated FLT3 inhibitor (quizartinib and sorafenib) sensitivity in ex vivo drug
screening assay.

[Supplemental material is available for this article.]

INTRODUCTION

Atypical chronic myeloid leukemia (aCML) and chronic myelomonocytic leukemia (CMML)
are rare myeloid clonal stem cell disorders under the classification of myelodysplastic/my-
eloproliferative neoplasms (MDS/MPN) with an inherent tendency to transform into acute
myeloid leukemia (AML) (Wandt et al. 2010). The FMS-like tyrosine kinase (FLT3) gene is lo-
cated on Chromosome 13q12 and likely drives myeloproliferation through up-regulation of
RAS and PI3K pathways. Genetic rearrangements involving FLT3 are rare and only recently
have been detected in myeloid/lymphoid neoplasms associated with eosinophilia (MLN-
eos) and chronic myeloproliferative disorders (Stirewalt and Radich 2003). To date, 10 clin-
ical cases and four FLT3 fusion partners have been identified: ETV6, SPTBN1,GOLGB1, and
TRIP11, with ETV6 being the most common reported partner (six cases) (Vu et al. 2006;
Grand et al. 2007; Tzankov et al. 2008; Walz et al. 2011; Chonabayashi et al. 2014; Falchi
et al. 2014; Hosseini et al. 2014; Chung et al. 2017; Troadec et al. 2017). In all reported
cases in which chimeric transcripts were cloned, the amino-terminal portion of the predicted
fusion protein was composed of a partner gene with a helix–loop–helix (HLH) or coiled-
coil motif, which would promote dimerization and induce constitutive activation of FLT3
tyrosine kinase (TK) in the carboxy-terminal portion, leading to cellular transformation.
Here we report two cases with FLT3 fusions in patients demonstrating mixed features of
MPN/MDS.

Corresponding author:
tynerj@ohsu.edu

© 2018 Zhang et al. This article is
distributed under the terms of
the Creative Commons
Attribution License, which
permits unrestricted reuse and
redistribution provided that the
original author and source are
credited.

Ontology terms: chronic
myelomonocytic leukemia;
transient myeloproliferative
syndrome

Published by Cold Spring Harbor
Laboratory Press

doi: 10.1101/mcs.a003079

| RESEARCH REPORT
C O L D S P R I N G H A R B O R

Molecular Case Studies

Cite this article as Zhang et al. 2018 Cold Spring Harb Mol Case Stud 4: a003079 1 of 9

mailto:tynerj@ohsu.edu
mailto:tynerj@ohsu.edu
http://www.molecularcasestudies.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


RESULTS

The first case is a 47-yr-oldmanwhopresentedwith leukocytosis (96×109/Lwhite blood cells
[WBCs] and 48% neutrophils) and moderate splenomegaly. The bone marrow (BM) biopsy
showed a hypercellular (100%) marrow with left-shifted granulocytic hyperplasia and mild
tomoderate granulocytic dysplasia as well as atypical megakaryocytic dysplasia. Themarrow
findings were interpreted as being suggestive of an atypical CML or, less likely, a profibrotic
stage myelofibrosis. A small CD20-positive λ restricted plasma cell population (5%) was also
identified and interpreted as consistent with monoclonal gammopathy of undetermined sig-
nificance (MGUS). Fluorescence in situ hybridization (FISH) and real-time RT-PCR on the BM
were all negative for BCR/ABL1, JAK2, and PDGFR rearrangements. An AML/MDS-targeted
gene panel (Supplemental Table S1) was negative for mutations of common hematological
malignancy-associated genes including JAK2,CALR,DNMT3A,NPM1, FLT3, etc. G-banded
karyotype analysis showed a 46,XY,t(13;17)(q12;q12) balanced translocation in all 20 meta-
phase cells examined (Fig. 1A). As FLT3 is one of the genes located at 13q12, we assessed
the status of the FLT3 locus with FLT3 break-apart probes, which revealed a FLT3 split signal
pattern in165/200cells.Onavailablemetaphasecells, thedistalFLT3 signal (includingat least
exons1–9,basedonprobebuild) hybridized toChromosome17near thecentromere, and the
proximal FLT3 signal (including at least exons 20–24, based on probe build) was retained on
Chromosome 13, near the centromere (Fig. 1B). To identify the fusion partner, we performed
retrospective RNA sequencing. Consistent with G-banding and FISH analysis, two chromo-
somal translocations betweenMYO18A on Chromosomes 17 and FLT3 on Chromosome 13
were identified (Table 1). RT-PCR of cDNA using transcript-specific primers covering one of
the most abundant fusion indeed detected this MYO18A-FLT3 fusion transcript, whereas
the reciprocal FLT3-MYO18A fusionwas not found. Sequence analysis of the RT-PCRproduct
confirmed the fusion breakpoint encoding R1462 ofMYO18A and R596 of FLT3 (Fig. 1C,D).

The patient was placed on hydroxyurea 500–1000 mg daily for nearly 5 mo, which result-
ed in normalization of blood counts and disappearance of the t(13;17)(q12;q12) in blood
cells by FISH analysis indicating he had obtained a complete remission at the hematologic
and cytogenetic/FISH level. He stopped taking hydroxyurea after these results were ob-
tained. This represented a highly unusual clinical response to hydroxyurea (a ribonucleotide
reductase inhibitor) and suggested the possibility of synthetic lethality. Thereafter, he was on
a close observation/monitoring plan. However, he developed progressive leukocytosis after
∼1 yr of stopping hydroxyurea. The repeat BM biopsy was consistent with a chronic phase
MPN phenotype. Cytogenetic/FISH analysis demonstrated recurrence of the t(13;17) (q12;
q12) with additional new clonal aberrations. No common leukemia driver mutations were
found using the same gene panel (Supplemental Table S1). He was on ruxolitinib, a JAK1/
2 inhibitor, as part of a clinical trial but this did not provideWBC control. Less than 2mo later,
he progressed with the development of stridor while allogeneic stem cell transplantation
planning was underway.Workup, including CT scan, revealed airway stenosis with subglottic
edema and a lesion in the right base of the tongue. A PET-CT scan showed increased FDG
uptake throughout the bones and axillary and neck nodes bilaterally. Biopsy of cervical neck
node showed amononuclear cell infiltrationwith 2%blasts as well as diffuse immaturemono-
cytes and dysplastic myeloid cells consistent with the extramedullary manifestation of AML.
The patient received radiation to his neck and subsequently underwent allogeneic stem cell
transplantation from an unrelated donor. His posttransplant course was complicated by re-
lapsed disease, liver graft versus host disease (GVHD), polymicrobial bacteremia, and aspi-
ration pneumonia resulting in death a year after transplant.

The second case is that of a 49-yr-old male who presented with lymphadenopathy, leu-
kocytosis (25.84×109/l WBC), and thrombocytopenia (62×109/l). There was an absolute
neutrophilia, eosinophilia, basophilia, and monocytosis. The BM biopsy demonstrated a
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Figure 1. Identification of FLT3 fusions. (A) FISH analysis on interphase and availablemetaphase cells was per-
formed with an Agilent FLT3 (13q12.2) break-apart probe. The FISH image shows that the distal FLT3 signal
(red; including at least exons 1–9, based on probe build) hybridized to Chromosome 17 near the centromere;
the proximal FLT3 signal (green; including at least exons 20–24, based on probe build) was retained on
Chromosome 13, near the centromere, band 13q12.2. (B) The parallel DAPI-banded image, with the der(13),
der(17), and normal homologs identified. Blue arrow: normal Chromosome 17; purple arrow: normal
Chromosome 13. (C ) PCR validation of theMYO18A-FLT3 fusion transcript. A multiplex RT-PCR was designed
to detect MYO18A-FLT3 product with mRNA derived from Case 1’s peripheral blood mononuclear cells
(PBMCs). A leukemia patient without fusions was used as control. (D) Sequencing of the junction PCR product
revealed an in-frame fusion betweenMYO18AR1462 and FLT3R596. (E) Identification of the ETV6-FLT3 fusion
transcript. A multiplex RT-PCR was designed to detect ETV6-FLT3 product with mRNA derived from Case 2’s
PBMC. A leukemia patient without fusions was used as a control. (F ) Sequencing of the junction RT-PCR prod-
uct revealed an in-frame fusion between ETV6 K384 and FLT3 Q569.
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hypercellular marrow with trilineage hematopoiesis and an increased M:E ratio of 5.3:1.
Monoblasts/promonocytes were increased and accounted for 6% of cells. There was mye-
loid dysplasia (hypogranular forms), including slightly increased numbers of dysplastic eosin-
ophils. Megakaryocytes were decreased in number with increased monolobate forms.
Overall, the BM findings were interpreted as most in keeping with a diagnosis of CMML-
1. A concurrent lymph node biopsy demonstrated necrosis and surrounding CD43- and
CD33-positive myeloid cells that were highly suggestive of the involvement of the lymph
node by myeloid sarcoma (unfortunately flow cytometry was not performed). Chromosome
analysis showed 46,XY,t(12;13)(p13;q12) in 20 of 20 metaphases. We performed retrospec-
tive RNA sequencing to identify gene fusion transcripts, which uncovered an ETV6-FLT3 fu-
sion. RT-PCR from patient cDNA confirmed the presence of an in-frame fusion between
ETV6 exon 6 (encoding K384) and FLT3 exon 14 (encoding Q569) (Fig. 1E,F).

The patient was treated with induction chemotherapy with idarubicin/cytarabine in a clin-
ical trial. He had disease relapse and underwent re-induction with cladribine, cytarabine, and
filgrastim with mitoxantrone (CLAG-M) followed by unrelated donor stem cell transplanta-
tion and remained in remission afterward (>43 mo), although his transplantation was compli-
cated by acute and chronic GVHD.

DISCUSSION

In accordancewith previously reported FLT3 fusions, the FLT3breakpoints of these two cases
were all locatedwithin exon 14 just upstream of the coding region for the TK domain. In Case
1, we identified MYO18A as a new partner of FLT3. MYO18A (myosin XVIIIA, KIAA0216,
MysPDZ) is a member of the myosin superfamily and is widely expressed in the body. In he-
matological malignancies, MYO18A has been found as fusions with FGFR1, PDGFRB, and
MLL in other hematopoietic malignancies (Walz et al. 2005; Ussowicz et al. 2012; Sheng
et al. 2017). In all these cases, including the current one, all the predicted coiled-coil domains
of normal MYO18A are retained in the fusion. The breakpoint of ETV6 in Case 2 located in
exon 6, which is also the common breakpoints region of ETV6 and the fusion protein, there-
fore remained the HLH domain of ETV6. As shown for other TK fusion proteins, it is possible
that the coiled-coil domainofMYO18A and theHLHdomainofETV6 results in dimerizationor
oligomerization of the fusion proteins with consequent constitutive activation of the FLT3 TK
domain (Krause and Van Etten 2005).

We have also performed an ex vivo drug sensitivity screening assay to evaluate the sen-
sitivity of cells from each patient to a panel of small molecule inhibitors. We observed that
samples from both patients demonstrated FLT3 inhibitor (quizartinib and sorafenib) sensitiv-
ity, but were not sensitive to a control drug (imatinib) (Fig. 2 and Supplemental Tables 3–5).
This is in concordance with previous studies showing that FLT3 fusion transformed cells and
clinical cases with FLT3 fusions are sensitive to FLT3 inhibitors (Grand et al. 2007; Falchi et al.
2014; Troadec et al. 2017).

Both cases in the current study exhibit similar clinical features: leukocytosis, hypercellular
marrows with myeloid dysplasia, and extramedullary involvement. All reported cases with
FLT3 fusions in the literature demonstrate poor response and/or early relapse after conven-
tional chemotherapy (Chung et al. 2017). Based on the in vitro results here and several clin-
ical cases reported, FLT3 inhibitors may provide transient disease control to allow more
definitive therapies such as a FLT3 inhibitor in combination with multiagent chemotherapy
to improve responses, stem cell transplantation, and/or a clinical trial for patients with
FLT3 genomic alterations.

In summary, including the two cases in the current study, chromosome rearrangements
involving FLT3 exhibit some common clinical features, similar translocation arrangement,
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and high sensitivity (at least in vitro) to FLT3 inhibitors. This report highlights the importance
of FLT3 gene rearrangements as a diagnostic entity and the potential role of FLT3 inhibitors
in these cases.

METHODS

Cytogenetics and Fluorescence In Situ Hybridization
GTW-banded karyotype analysis was performed as a standard clinical protocol and de-
scribed according to the International System for Human Cytogenetic Nomenclature
(Arsham and Shaffer 2017). FISH techniques were performed as standard clinical protocol.
Briefly, for the 13;17 translocation, interphase nuclei were probed using a FLT3 (13q12.2)
break-apart probe (Agilent), comprised of flanking probes, one of which covers ∼300 kb
of FLT3, at exons 20–24, and another one that covers ∼300 kb of FLT3, at exons 1–9.
Samples were analyzed under an Olympus BX53 photoscope, and representative photo-
graphs were taken using GenASIs software from Applied Spectral Imaging. A minimum of

Figure 2. Samples with FLT3 fusions demonstrate sensitivity to FLT3 inhibitors. PBMCs from a cohort of pa-
tients diagnosed with chronic myeloproliferative disease without BCR-ABL fusion were plated with graded
concentrations of quizartinib, sorafenib, and imatinib (control) for 72 h, and cell viability was determined by
a MTS assay. The graph depicts IC50 of a specific drug: quizartinib, sorafenib, and imatinib. Case 2_2 was har-
vested 1 mo after Case 2_1.
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100 nuclei were scored and cases were considered positive when >15% of cells displayed
split signals.

RNA-seq Fusion Detection
RNA-seq was performed as previously described (Zhang et al. 2017). Briefly, samples were
sequenced using the Agilent SureSelect Strand-Specific RNA Library Preparation Kit
on the Bravo robot (Agilent) and sequenced on the HiSeq 2500 using a 100-cycle paired-
end protocol. Gene assignments were based on the Ensembl build 75 gene models on
GRCh37. Gene fusion data were generated using the TopHat-Fusion (v2.0.14) program us-
ing default parameters (Kim and Salzberg 2011).

Sanger Sequencing
Sanger sequencing was performed on the RNA samples to verify mutations identified by
RNA-seq. Briefly, mutations were confirmed by PCR amplification using the following prim-
ers: FLT3 forward: 5′-CAATTCCCTTGGCACATCTT-3′; FLT3 reverse: 5′-TTGCGTTCATCACT
TTTCCA-3′; FLT3 reverse: 5′-GCAACCTGGATTGAGACTCC-3′; ETV6 forward: 5′-CATGC
CCATTGGGAGAATAG-3′; ETV6 reverse: 5′-TCCTGGCTCCTTCCTGATAA-3′;MYO18A for-
ward: 5′-GAACAAGAGGCAGCTGGAAC-3′; andMYO18A reverse: 5′-GAACCCTGCAATGT
CCATGT-3′. PCR products were purified using Amicon Ultra Centrifugal Filters (#UFC5
03096, Millipore) and sequenced with the same primers.

Small Molecule Inhibitor Screening Assay
PBMCs from a cohort of patients diagnosed with chronic myeloproliferative disease without
BCR-ABL fusion were plated with graded concentrations of quizartinib, sorafenib, and ima-
tinib (control) for 72 h, and cell viability was determined by methanethiosulfonate (MTS) as-
say as previously described (Tyner et al. 2013), Briefly, cell viability was measured using a
MTS-based assay (CellTiter96 Aqueous One Solution, Promega), and read at 490 nm after
1–24 h using a BioTek Synergy 2 plate reader (BioTek), Cell viability was determined by com-
paring the absorbance of drug-treated cells to that of untreated controls set at 100%, IC50

values were calculated by a regression curve fit analysis using GraphPad Prism software,
and all drugs were obtained from commercial vendors.

ADDITIONAL INFORMATION

Data Deposition and Access
The interpreted fusion variants have been deposited in ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/) under accession numbers SCV000845744 and SCV000845775. The aligned se-
quence data set for Case 2 has been deposited at the Genomic Data Commons (study ID:
29125) under accession number phs001628. The GDC number for this patient is A2812D.
The RNA-seq data set for Case 1 will be submitted to GDC. The data is available upon re-
quest from the corresponding author.

Ethics Statement
The study was approved by the Institutional Review Board (IRB) at Oregon Health and
Science University. Samples were obtained with written, informed consent from all patients.
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